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Protein dynamicsThemitochondrial ATPase inhibitor, IF1, regulates the activity of themitochondrial ATP synthase. The oligomeric
state of IF1 related to pH is crucial for its inhibitory activity. Although extensive structural studies have been per-
formed to characterize the oligomeric states of bovine IF1, only little is known concerning those of yeast IF1.
While bovine IF1 can be found as an inhibitory dimer at low pH and a non-inhibitory tetramer at high pH, a
monomer/dimer equilibrium has been described for yeast IF1, high pH values favoring the monomeric state.
Combining different strategies involving the grafting of nitroxide spin labels combined with Electron Paramag-
netic Resonance (EPR) spectroscopy, the present study brings the ﬁrst structural characterization, at the residue
level, of yeast IF1 in its dimeric form. The results show that the dimerization interface involves the central region
of the peptide revealing that the dimer corresponds to a non-inhibitory state.Moreover,we demonstrate that the
C-terminal region of the peptide is highly dynamic and that this segment is probably folded back onto the central
region. Finally, the pH-dependence of the inter-label distance distribution has been observed indicating a confor-
mational change between two structural states in the dimer.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Mitochondrial ATP synthase (F1F0-ATPase) plays a key role in energy
production in eukaryotes, catalyzing the last step of oxidative phos-
phorylation. The enzyme produces ATP from ADP and inorganic phos-
phate using the proton electrochemical gradient existing across the
mitochondrial inner membrane. It is composed of two domains: a cata-
lytic domain called F1 and a transmembrane domain called F0, allowing
the passage of protons from the intermembrane space into thematrix. If
the electrochemical gradient collapses, for example, in case of anaerobicwave; DEER, Double Electron–
Paramagnetic Resonance; IF1,
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ulfonate; rt, room temperature;
uoroethanol.
ie et de Technologies de Saclay
elle@imm.cnrs.fr (V. Belle).conditions, the F1-ATPase catalyzes the reverse reaction leading to the
hydrolysis of ATP. To prevent this wasteful consumption of ATP inmito-
chondria, a natural inhibitor peptide called IF1 is present to regulate this
hydrolytic activity. The regulation of F1-ATPase activity is closely related
to the oligomeric state of the inhibitory peptide (for a review see [1]).
Bovine ATPase inhibitory peptide IF1 (bIF1) has been extensively
characterized both functionally and structurally. It is 84 amino acids
long (Fig. 1A) and composed of a α-helix from residues 21–83 [2]. The
minimal inhibitory region has been localized from residues 14–47 [3].
At pH below 6.5, the peptide forms an inhibitory dimer, stabilized by
an antiparallel coiled coil in the C-terminal region from residues 49–
81 [2,4]. At higher pH values, two dimers associate to form a tetramer
in which the inhibitory regions are masked leading to an inactive form
[2,5]. In contrast, yeast IF1 (yIF1) has been much less characterized, in
particular from a structural point of view. In yeast, IF1 is shortened of
23 residues in the C-terminal region and is 63 amino acids long (Fig.
1A). Oligomerization properties of yIF1 have been investigated by sedi-
mentation equilibrium analytical ultracentrifugation and by covalent
cross-linking [6]. Both techniques show that yIF1 dimerizes at low pH.
Indeed, an equilibrium between a dimeric state and a monomeric one
has been reported with Kd values increasing with pH (1.2, 6.0, and
9.1 μM at pH 5.0, 6.5, and 8.0, respectively) [6].
Fig. 1. (A) Sequence alignment of residues 1–63 of yIF1 with residues 1–84 of bIF1 [13]. The conserved residues are in red and the positions for spin labeling are indicated by arrows.
(B) Hypothesis of two possible dimerization interfaces (T or D) inspired from the crystallographic structure of the tetrameric form of bIF1 (PDB ID: 1GMJ) [2] represented in ribbon
(the ﬁrst 20 amino acids are missing in the structure, blue correspond to the central region and red to the C-terminal one). Calculated spin label rotamers (black sticks) attached to the
engineered cysteines at positions 33, 39, and 54 (homologous to bovine 38, 44, and 63) were computed using MMM software [14]. The averaged inter-label distances are indicated.
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tion interface in solution and on the structural and dynamic properties
of yIF1 in relation to the pH. To our knowledge, no structural data
have been reported so far concerning the dimeric form of yIF1 in solu-
tion. Site-Directed Spin Labeling combined with Electron Paramagnetic
Resonance (SDSL-EPR) spectroscopy has emerged as an excellent tool
for addressing such questions (see reviews [7–10]). SDSL-EPR is based
on the selective grafting of paramagnetic spin labels (nitroxide radical
derivatives) on cysteine residues followedbyEPR analyses. The strength
of the technique lies in its sensitivity to both structural changes at atom-
ic level and nanoscale ﬂuctuations. Room temperature (rt) continuous
wave (cw) EPR iswell-suited to bring information on the local dynamics
of protein chains. In addition, SDSL-EPR can be used to measure dis-
tances between paramagnetic labels within the protein. On frozen sam-
ples, cw EPR can be used to evaluate short inter-label distances
(b2.5 nm) [11]. For longer distances, in the 1.8–6.0 nm range, the
most common experiment for obtaining nanoscale structure informa-
tion is the pulsed Double Electron–Electron Resonance (DEER) experi-
ment [12]. In our study, cw and pulsed EPR were combined to bring
structural and dynamic information on the dimeric state of yIF1 in solu-
tion. Three yIF1 cysteine-substituted variants have been designed to
probe the dimerization interface and each of them has been studied at
three different pH values (5.0, 6.5, and 8.0). Taken together, the results
show that the α-helical central part of yIF1 is involved in the dimeriza-
tion interface and reveal the very ﬂexible nature of the C-terminal re-
gion of the peptide.
2. Material and methods
2.1. Peptide synthesis and control experiments
Synthetic yIF1 variants (E33C, H39C, and L54C) were purchased from
Synprosis, Fuveau, France. The mutation F28W was introduced to make
possible the detection of the peptides using UV–vis spectroscopy. This
modiﬁcationdid not affect the inhibitory kinetic properties of yIF1. The ly-
ophilized peptide was dissolved in 20 mM Tricine pH 8.0, 50 mM NaCl
buffer at 500 μMand stored at−20 °C. For each variant, absolute protein
concentrationwasmeasured by quantitative analysis of amino acids com-
position. UV–visible spectra (Perkin Elmer, Lambda 25) of the solutions
allowed the determination of experimental molar extinction coefﬁcients
at 280 nm: 6800 M−1.cm−1 for E33C, 7400 M−1.cm−1 for H39C, and
8200 M−1.cm−1 for L54C. The difference between these values and the
expected value for a peptide containing a single Trp (5500M−1.cm−1) in-
dicates the presence of contaminants contributing to the absorbance
(probably free Trp). However, taking these experimental values of ε al-
lows a more accurate determination of protein concentration.2.2. Measurement of ATP hydrolysis and inhibition by yIF1 variants
ATP hydrolysis catalyzed by yeast sub-mitochondrial particles was
monitored by NADH oxidation using the coupled assay with pyruvate
kinase and lactate dehydrogenase as previously described [13,15].
NADH absorbance at 340 nm was continuously recorded in a stirred
and thermostated (25 °C) cuvette. The assay medium contained
50 mM 2-(N-morpholino)ethanesulfonic acid (MES buffer) pH 6.5,
20 mM KCl, 1 mM MgCl2, 1.5 μM antimycin, 1.5 μM carbonyl cyanide
4-(triﬂuoromethoxy)phenylhydrazone (FCCP), 1 mMphosphoenolpyr-
uvate, 20 units/mL pyruvate kinase, 50 units/mL lactate dehydrogenase,
0.4 mM NADH, and 1 mM MgATP. ATP hydrolysis was initiated by
adding sub-mitochondrial particles to the medium. After 2–4 min, a
small volume of yIF1 from a 10 μM stock solution was injected into
the cuvette and ATPase activity decay was recorded. The experiment
was repeated using different concentrations of inhibitory peptide rang-
ing from 10 to 100 nM in the cuvette. At such low concentrations, pep-
tides were in the monomeric state during the kinetics of inhibition,
except for those with free cysteine residues in oxidizing conditions. Ki-
netic analysis of the activity decay gives the ﬁrst-order rate constant of
inhibition, which is proportional to the concentration of inhibitory pep-
tide, allowing to calculate the rate constant of inhibition kon. The disso-
ciation constant KI of the inhibited IF1-ATP synthase complex was
deduced from the hyperbolic relationship between the inhibitor con-
centration and the residual ATPase activity at equilibrium [13].
2.3. Manipulation of the oligomeric state of yIF1 variants
10 μMpeptidewas incubated for 1 h at pH 8.0 at rt with either 5mM
dithiothreitol (DTT) or 1 mM CuCl2 in the presence of 1 mM
phenylmethylsulfonyl ﬂuoride and then stored on ice before use. Na-
tive, DTT-treated, and CuCl2-treated peptideswere analyzed after dena-
turation by SDS-PAGE (12%) and revealed with Coomassie blue R250
[13]. As expected, DTT-treated peptides were found essentially mono-
meric and CuCl2-treated peptides essentially dimeric (see SI Figure S5).
2.4. Spin labeling and samples preparation
The labeling procedure was performed in two steps: cysteine reduc-
tion and spin label grafting. For cysteine reduction, 20 mM DTT was
added to each yIF1 variant (100 nmoles). The mixture was incubated
for 30 min in an ice bath. DTT was removed by gel ﬁltration using a
desalting PD-10 column (GEHealthcare)with an elution buffer depend-
ing on the desired ﬁnal pH: 20 mM sodium acetate for pH 5.0, 20 mM
sodium phosphate for pH 6.5 and 20 mM tricine for pH 8.0 (all buffers
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tein were pooled. The spin label, 1-oxyl-2,2,5,5-tetramethyl-δ3-
pyrroline-3-methyl methanethiosulfonate (MTSL, Toronto Research
Chemicals Inc., Toronto, Canada), was immediately added to the sample
at a molar excess of 10 using a concentrated stock solution in acetoni-
trile. The reaction was carried out during 1 h in the dark and in an ice
bath, under gentle stirring and a continuous ﬂow of argon. Excess of un-
bound spin label was removed using a desalting column (PD-10) with
the same elution buffer as at the previous step. The fractions containing
the labeled peptide were pooled and concentrated by ultraﬁltration
using Amicon Ultra-2 (molecular cutoff: 3 kDa) (Millipore). The spin-
labeled peptides were stored at−80 °C. For the spin dilution experi-
ments, pure labeled peptide was diluted 10-fold in wild type (wt) yIF1
(non-labeled). The total concentration of yIF1 was 80 μM (8 μM labeled
variants +72 μMwt yIF1). The incubation timewas 10min before ﬂash
freezing the sample. For DEER experiments 30% (v/v) glycerol was used
as a cryo-protectant, added just before rapid freezing in liquid nitrogen
to prevent excluded volume effects and heterogeneous protein
concentrations.
2.5. EPR spectroscopy
X-band continuous wave room temperature experiment (296 K)
EPR spectra were recorded on an ESP 300E Bruker spectrometer
equipped with a Super High Q Sensitivity resonator operating at X-
band (9.9 GHz). The microwave power was 10 mW, the magnetic ﬁeld
modulation amplitude 0.1 mT, and the frequency modulation 100 kHz.
Spin concentration was obtained by measuring the double integral of
EPR signals compared to a reference sample. For all variants, high label-
ing yields were obtained ranging from 70% to 100%. For cryogenic X-
band cw EPR experiments, spectra were recorded at 70 K using an
ELEXSYS Bruker spectrometer with an ESR 900 helium-ﬂow Oxford In-
strument cryostat. The main acquisition parameters were microwave
power of 0.01mW(non-saturating conditions), magnetic ﬁeldmodula-
tion amplitude, and frequency of 0.4 mT and 100 kHz, respectively.
DEER experiments were performed on a Bruker ELEXSYS E580 at Q-
band (34 GHz) using the EN 5107D2 resonator. The system was
equipped with an Oxford helium cryostat temperature regulation unit
and the datawere acquired at 70 K. This temperaturewas optimized ac-
cording to relaxation times (spin–lattice relaxation time T1 and phase
memory time Tm) measured at variable temperatures in order to maxi-
mize Tm for optimal echo detection and minimize T1 for optimal repeti-
tion time. Four-pulse DEER experiments [12] were run with pulse
durations of 20 ns (π/2) and 40 ns (π), interpulse delays τ1 of 200 ns
and τ2 adjusted according to Tm (typically between 2500 and
3000 ns). The pump frequency was centered at the maximum reso-
nance while the observer frequency was 56 MHz lower. Total acquisi-
tion time was between 8 and 12 h corresponding to 40–60 averaged
scans.
2.6. EPR data analyses
Simulations of rt cw EPR spectra have been performed using the
EasySpin toolbox in Matlab [16].
To estimate the inter-label distance from low-temperature cw EPR
spectra, the method described by Sugata et al. [17] has been developed
using a discrete mathematical approach [18]. This method provides a
way of solving ill-posed problems by assuming the inter-label distance
distribution as a single Gaussian. Brieﬂy, the broadened spectrum C(B)
is the weighted sum of the non-interacting spectrum S(B) and the
interacting spectrum D(B): C(B) = α ∙S(B) + (1− α)∙D(B) where α is
the fraction of non-interacting spins andB themagnetic ﬁeld. According
to Chiang et al., [18]D(B) is described byD(B)=A(B,r)∙P(r),where P(r)
is the sought inter-label distance distribution, and A(B,r), the transfor-
mationmatrix constructed by Pake doublets and S(B). The experimental(broadened) spectrum was ﬁtted by adjusting α, the center r, and the
full-width half maximum of the Gaussian distribution.
For DEER traces data processing, DeerAnalysis2013 was used [19].
Background echo decay was corrected by using a homogeneous 3D spin
distribution and second-order polynomial baseline correction. Tikhonov
regularization was applied to the corrected dipolar evolution dataset to
obtain inter-spin distance distributions using L-curves [20,21]. For each
sample, the optimal regularization factor (compromise between smooth-
ness and resolution) was 100 according to L-curve criterion [20,21].
2.7. Circular Dichroism
Circular Dichroism (CD) spectra were recorded at rt on a Jasco 815
CD spectrometer using 1-mm-thick quartz cells. CD spectra were mea-
sured from 250 to 190 nm, at 0.2 nm/min, and were averaged from 3
scans. Experiments were performed at pH 6.5 in sodium phosphate
buffer. The spectra were corrected from buffer signal. Mean ellipticity
values per residue ([θ]mrw,λ) were calculated as already described [22].
Protein concentrations of 0.05 mg/mL (~7 μM) were used. CD spectra
were recorded in the absence or presence of triﬂuoroethanol (TFE)
40% (v/v), used as a secondary structure stabilizer [23,24].
2.8. Modeling the dimer of yIF1 and rotamer library simulation
Structural homology model of yIF1 monomer was built using PyMOL
[25] taking advantage of the sequence homology between bIF1 and yIF1
and of the crystal structures of bIF1 (PDB ID: 1GMJ) [2] and yF1-IF1
(inhibited yeast F1 complex, PDB ID: 3ZIA) [26]. The resulting monomer
was superimposed with either chains A and B (D-interface) or chains B
and C (T-interface) of bIF1 tetramer to generate yIF1 dimers which
were regularized using PHENIX [27] with 500 iterations of energy mini-
mization. The N-terminal (1–16) and C-terminal (46–63) parts were un-
restrained while the central part (17–45) (interacting region) was
restrained to be α-helical. The experimental distances (r33–33 b 1.5 nm,
r39–39 = 2.1 nm, r54–54 = 2.7 nm) obtained at pH 8.0 from DEER exper-
imentswere imposed as restraints and 700more runs of energyminimi-
zation were carried out for each model.
The spin label rotamers attached to the different engineered cyste-
ines were calculated using the Matlab package MMM (Multiscale
Modeling ofMacromolecules) based on a rotamer library approach [14].
3. Results
3.1. Rational design of yIF1 cysteine-substituted variants
Based on the structure of the tetrameric state of bIF1 [2], we hypoth-
esized two possible dimerization interfaces for yIF1: either the dimeric
interface of bIF1 referred to as the “D-interface” or the one between
the dimer of dimers in the tetrameric (non-inhibitory) state referred
to as the “T-interface.” The D-interface concerns the C-terminal region
of the peptide that has been shown to form a coiled coil [2] in bIF1
whereas the T-interface involves the central region corresponding to
the inhibitory region (note that the ﬁrst 20 amino acids were not re-
solved in the crystallographic structure). The rationale for the choice
of the label positions and thus for the cysteine point mutation was to
unambiguously distinguish the two hypothetic interfaces by their
inter-label distances. With this aim, three variants were designed:
E33C, H39C, and L54C (homologous to bovine A38C, A44C, and L63C),
none of these residues having been reported to play a role in the inhibi-
tion activity of yIF1 [28]. For each postulated interface, MMM software
[14] was used to compute the rotamers populated by each spin label
for the three variants in the structural model of bIF1 and to predict the
corresponding inter-label distances (Fig. 1B and S1). These predicted
distances are very different according to the postulated interface. Labels
at position 33 are very close to each other in the T-interface and very far
in the D-interface. Conversely, labels at position 54 are very close in the
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situation iswell-separated for the twopostulated interfaceswith 2.8 nm
for the T-interface and 6.2 nm for the D-interface.
3.2. Inhibition kinetic analyses of yIF1 variants in monomeric and dimeric
states
yIF1 variants were found to inhibit ATPase activities of sub-
mitochondrial particles by more than 98%. Binding parameters kon and
KI were estimated at pH 6.5 as previously described [13,15], in triplicate
experiments. The kon values of the monomeric form (in presence of
DTT) were found 4.2 ± 0.6 M−1 .s−1 for yIF1 wt, 3.7 ± 0.9 M−1 .s−1
(90% of wt) for yIF1-E33C, 3.2 ± 0.8 M−1.s−1 (80% of wt) for yIF1-
H39C, and 6.2 ± 0.5 M−1.s−1 (150% of wt) for yIF1-L54C. After labeling
with MTSL, they were found 8.4 ± 1.8 M−1.s−1 for yIF1-E33C, 4.3 ±
0.9 M−1 .s−1 for yIF1-H39C, and 4.4 ± 0.3 M−1 .s−1 for yIF1-L54C. In
all cases, the KI values remained below 1 nM. Therefore, neither
amino-acid substitution nor MTSL-labeling signiﬁcantly affected bind-
ing and inhibitory properties of yIF1.
Cys–Cys cross-linking experiments were performed after pre-
incubation of E33C and L54C yIF1 variantswith CuCl2, leading to the for-
mation of artiﬁcial dimers (Fig. S5). In the case of yIF1-L54C, the kon
value after CuCl2 treatment was 40% of the kon value for themonomeric
DTT-treated peptide. Since dimerization decreases two-fold the number
of inhibitory molecules, the true kon of the dimer was estimated at 80%
of the monomer kon value. In the case of yIF1-E33C, the kon value of
CuCl2-treated peptide was shifted to 4% of the kon value for DTT-treated
peptide, and therefore, the actual kon value of the dimer was 8% of the
monomer kon value. These results demonstrate that dimerization of
yIF1 in its C-terminal extremity did not affect its inhibitory properties,
whereas dimerization in the central part resulted in a non-inhibitory
peptide. This observation is consistent with the fact that the central
part of yIF1 is the inhibitory domain [3,26].
3.3. Global structural properties of yIF1
Global structural properties of yIF1 variants and of each labeled yIF1
were studied by far-UV CD spectroscopy. CD spectra of all yIF1 (wt, var-
iants before and after labeling) exhibited two characteristic minima at
208 and 222nm(Fig. 2A) indicating the presence of someα-helical con-
tent as already reported [28,29]. The similarity of all spectra indicateFig. 2. Global structural properties and folding propensities analyzed by far-UV CD spectroscop
(blue) and labeled ones: E33CMTSL (light blue), H39CMTSL (pink), and L54CMTSL (yellow) withothat neither cysteine mutation nor the presence of the label induce
any global structural perturbations. The folding propensities of each la-
beled species were evaluated by adding triﬂuoroethanol TFE (40% v/v)
used as a secondary structure stabilizer [23,24]. Addition of TFE induced
an important increase of the α-helical content (Fig. 2B) observed in all
samples in the same proportion as judged by the increase of the molar
ellipticity. Using the on-line interface DichroWeb [30] with its different
algorithms, we calculated an averageα-helical content of 28(5) % with-
out TFE increasing to 55(5) % with TFE. These data indicate that yIF1 is
not fully α-helical in solution as it is still able to gain α-helical contents
upon TFE addition.
3.4. Local structural properties of labeled yIF1
Dynamic properties of labeled yIF1 variants were studied at room
temperature by cw EPR. For yIF1, dissociation constants of the dimeric
form have been reported to increase with pH (Kd values of 1.2 μM for
pH 5.0, 6.0 μM for pH 6.5, and 9.1 μM for pH 8.0) [6]. To maximize the di-
meric form, we used a concentration of 80 μM for each sample. Fig. 3
shows the EPR spectra recorded for all labeled variants at pH 5.0 (EPR
spectra for pH 6.5 and 8.0 are given in SI, Fig. S3). Spectral simulation al-
lows decomposing an EPR spectrum into possibly different components
and extracting, for each of them, a dynamic parameter, namely, the rota-
tional correlation time τc in ns (Table 1). For E33CMTSL and H39CMTSL, the
EPR spectra reﬂect a regime of mobility typical of the one encountered in
the case of spin labels grafted on a structured region for such a lowmolec-
ular weight system [31–33]. The fact that multiple components (3 for
E33CMTSL and 2 for H39CMTSL) are required for the simulation indicates
the presence of different environments experienced by the label. This
can be accounted for by the presence of rotameric states of the nitroxide
side-chain, a situation frequently found at α-helical main-chain [34–37]
and/or the possibility that in the dimer, the location of the label on each
monomer of yIF1 is not symmetrical if one considers the T-interface
(Fig. 1). The variations in τc values and proportions (Table 1) observed
as a function of pH indicate that protonation of amino acids in the vicinity
of the label plays a role in the environment of the label. For the C-terminal
part (L54CMTSL), the spectrum is very different from the other positions,
exhibiting three very narrow lines reﬂecting a high regime of mobility
of the label as also illustrated by the very low value of τc (0.29 ns)
(Fig. 3 and Table 1). This spectral shape is characteristic of the ones ob-
served in spin-labeled Intrinsically Disordered Proteins [31,32,38–40]y. CD spectra recorded for wt (black), yIF1 variants: E33C (red), H39C (green), and L54C
ut (A) and with 40% v/v TFE (B). Buffer: 20 mM sodium phosphate, pH 6.5.
Fig. 3.Amplitude normalized room temperature X-band cw EPR spectra of labeled yIF1 variants E33CMTSL, H39CMTSL, and L54CMTSL (black) superimposedwith the simulated spectra (red)
obtained using Easyspin toolbox [16]. Peptide concentration was 80 μM and pH 5.0. For pH 6.5 and 8.0, see Figure S3.
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contrarily to bIF1 where the C-terminal part is fully α-helical [2,4].
3.5. Probing short inter-label distances
The presence of protein oligomers in solution can be probed by spin
dilution experiment [41]. This method is based on the detection of a
broadening caused by dipolar coupling between interacting spins. In
the case of a labeled dimeric protein, if two nitroxide side-chains on
neighboring monomers interact, it results in a broadened cw EPR spec-
tral shape at low temperature that can be detected for spin–spin dis-
tances shorter than 2.5 nm [11,42]. Spin dilution experiments involve
diluting the pure labeled protein with its wt (non-labeled) analogue.
The EPR spectrum of the mixture (labeled/unlabeled) will then be less
broadened than the spectrum of the pure labeled protein and the com-
parison between the two spectra provides away to probe the proximity
of the interacting spins. For all labeled yIF1 variants, the samples pre-
pared at pH 5.0 were chosen to maximize the content in dimeric form.
Spin dilution experiments were performed by diluting 10-fold the
pure labeled sample with wt yIF1. Fig. 4 shows the integrated intensity
normalized EPR spectra recorded before and after spin dilution. Total
peptide concentration was kept constant (80 μM) to ensure the same
proportion of dimeric/monomeric forms. The most important broaden-
ing before dilution is observed for the E33CMTSL variant. This indicates
that labels at position 33 are the closest ones in the dimer. To estimate
the distance between labels at position 33 of each chain, the broadened
spectrumof E33CMTSLwasﬁtted assuming a single Gaussiandistribution
of the inter-label distance (see Section 2.7 and Figure S4). The result
gave a distance distribution centered at r = 1.1 nm with a full-width
half maximum of 0.5 nm. For the two other labeled variants, a dipolar
broadening is also observed but is less important compared to the
E33C variant. This indicates that a proportion of spins is at short dis-
tances (b2.5 nm) even in the case of the C-terminal region.
3.6. Measuring long inter-label distances
To go further in the analysis of inter-label distances, we undertook
pulsed EPR DEER experiments for H39CMTSL and L54CMTSL variants. Sam-
ples were prepared in 30% (v/v) glycerol used as a cryo-protectant. Asable 1
imulation parameters: rotational correlation time τc in ns and relative proportion of each
ectral component (%). Mean axial g-tensor: gx,y = 2.0070 ± 0.0005 and gz = 2.0022 ±
.0005. Mean axial hyperﬁne tensor: Ax,y = 0.6 ± 0.1 mT and Az = 3.3 ± 0.6 mT.T
S
sp
0glycerol is known to potentiallymodify binding afﬁnities and in particular
hydrophobic interactions [43,44], the samples (with/without glycerol)
were checkedby recordingX-band cwEPR spectra at 70K. For all variants,
similar dipolar broadening was observed in the absence and presence of
glycerol (Fig. S6), thus conﬁrming the dimeric association in the
presence of glycerol. Q-bandDEER traces and the resulting distance distri-
butions are shown in Fig. 5 for pH5.0. A rather broad distance distribution
is observed for H39CMTSL with two main maxima at 2.1 and 3.5 nm, sug-
gesting the existence of two conformations of thedimer. These twovalues
encompass the one of 2.8 nm obtained fromMMM calculations based on
the bIF1 structure for the T-interface (Fig. 1 and S1). In the case of the
L54CMTSL variant, inter-label distance distribution is narrower with two
well-resolved major peaks centered at 2.7 and 3.2 nm, respectively,
again indicating the presence of two conformers of the dimer. DEER ex-
periments were also performed on samples prepared at pH 6.5 and 8.0.
Fig. 6 shows the evolution of the inter-label distance distribution as a
function of pH for the two labeled variants. For each of them, increasing
pH leads to the disappearance of the highest measured distances
(3.5 nm for H39CMTSL and 3.2 nm for L54CMTSL) in favor of the shortest
ones. It should be noted that for each distance distribution, minor peaks
at high inter-label distances (N4.0 nm) are also observed. The more
peaks appear at high inter-label distances, the less reliable they are, de-
pending on themaximal dipolar evolution time. In our experimental con-
ditions, the peaks at distances higher than 4.0 nm are only reliable in
mean value (not in width). Being of weak amplitudes, these peaks will
be neglected in the discussion below.
4. Discussion
The inhibitory peptide IF1 plays an important role in the function of
mitochondrial ATPase and its oligomeric state is closely related to its
function [1]. Although bovine IF1 has been extensively characterized
both structurally and functionally, little is knownon the structural prop-
erties of yeast IF1. bIF1 can be found as a dimer (inhibitory) at low pH
and as a tetramer (non-inhibitory) at high pH [2,5]. Conversely, yIF1 is
in equilibrium between a dimeric state (low pH) and a monomeric
state (high pH) [6]. The present study focused on describing the dimeric
state of yIF1 in solution at the structural level by using multiple SDSL-
EPR spectroscopy strategies with the aim of characterizing the dimer-
ization interface and the structural dynamics of the peptidewith respect
to pH. Three cysteine-mutants were designed to probe the intermolec-
ular spacing of three residues within dimer: 33, 39 (both in the central
region), and 54 (in the C-terminal region). All mutants (labeled or
not) were found functional as all of themwere able to inhibit ATPase ac-
tivities with kinetic parameters comparable to the wt.
4.1. Flexibility of yIF1 in the C-terminal region
Room temperature cw EPR allowed the spin label dynamics to be
monitored at the three positions of yIF1. Whereas the EPR spectral
shape of labels at positions 33 and 39 was typical of folded region and
consistent with a label mobility in a α-helical environment [45], the
Fig. 4. cw X-band EPR spectra of labeled yIF1 variants recorded at 70 K before (black) and after a ten-fold dilution (red) with wt yIF1. The spectra are normalized to their integrated in-
tensity and therefore their broadening appears as a signal amplitude decrease. Total concentration in yIF1 80 μM, pH 5.0.
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disordered character of the C-terminal region [31,32]. That this observa-
tion could be due to the presence of the cysteine mutation and/or the
presence of the label at position 54 is refuted by the CD analyses of
the wt and all variants (labeled or not) showing similar α-helical con-
tents. Unfolding of the C-terminal due to the modiﬁed residue at posi-
tion 54 would have led to CD spectral shape modiﬁcation (with a
decrease of α-helical contents) compared to the wt one. Moreover, CD
analyses showed that yIF1 has a rather low α-helical content (28%) as-
sociated to an important propensity to fold upon TFE (55%), as already
reported [29]. This indicates the presence of ﬂexible regions within
the peptide that are able to gain structural elements. This result reveals
an essential structural difference between yIF1 and bIF1 where for the
latter the C-terminal region is fully α-helical and forms antiparallel
coiled coils [2,4]. Although bioinformatics calculations proposed similar
folding for yIF1 [46], the reliability to predict coiled coils has been re-
cently debated [47]. Furthermore, the difference in the C-terminal re-
gion between bIF1 and yIF1 has often been pointed out, in particular
the lack in yIF1 of histidines necessary to inactivate bIF1 at high pH
[48,49] and the absence in yIF1 of residues forming a hinge inmammals
[50]. Interestingly, the disordered and highly ﬂexible nature of the C-
terminal region observed at rt implies that this region is not part of
the dimerization interface and the hypothesis of the D-interface pro-
posed in Fig. 1 can thus be rejected. It is worth noticing that, in the X-
ray structure of the yeast F1-ATPase inhibited with residues 1–53 of
IF1 [26], the resolved part is restricted to residues 1–36, suggestingFig. 5. Experimental Q-band DEER traces recorded at 70 K for H39CMTSL and L54CMTSL at pH 5.0
traces (black) with superimposed ﬁts derived from Tikhonov regularization (red). (C) Tikhonothat the remaining part of the peptide extends from the external surface
of the F1-domain and is highly dynamic. This observation is in agree-
ment with the dynamic nature of the C-terminal region of yIF1 found
in the dimeric state.
4.2. Characterizing the dimerization interface
To characterize the dimeric interface of yIF1, EPR was used to probe
the dipolar interaction between nitroxide spin labels grafted on each
monomer of the dimeric form. To maximize the proportion of this form,
all experiments havebeendone on samples concentrated at 80 μM, a con-
centrationwell-above the reported Kdwhatever the pH [6]. Themost im-
portant broadening due to dipolar interaction was observed for the label
grafted at position 33. This observation is consistent with the hypothetic
T-interface inwhich the labels grafted at this position are in close vicinity
(Fig. 1 and S1). Unexpectedly, a dipolar broadeningwas also observed for
the label grafted at the C-terminal region (position 54), indicating that a
certain proportion of labels are close enough to each other in the dimer.
To go further and in particular to measure inter-label distances at long-
range, pulsed EPR DEER experiments were performed on H39CMTSL and
L54CMTSL samples. For the label at position 39, the inter-label distance dis-
tribution (broad distribution with 2 maxima at 2.1 and 3.5 nm) gave re-
sults in good agreement with the distances calculated by MMM for the
postulated T-interface (2.8 nm) far away from 6.2 nm expected for the
D-interface. For the variant L54CMTSL, distance distributions are unexpect-
edly very well-resolved. Taking into account the disordered character of(A). Dashed lines indicate the baseline used for background correction. (B) Corrected DEER
v-derived distance distributions were obtained using DeerAnalysis 2013 [14].
Fig. 6. Comparison of inter-label distance distributions obtained at pH 5.0 (blue), 6.5 (red), and 8.0 (green) for H39CMTSL (left panel) and L54CMTSL (right panel). The dotted lines indicate
the main maxima.
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seem surprising aswe anticipated a very broad distance distribution. One
can hypothesize that the highly ﬂexible C-terminal region is ﬂuctuating
close to the central part at rt and that speciﬁc conformations are trapped
upon freezing the sample.
Altogether, the results allow us to propose a schematic view for the
dimeric form of yIF1 (Fig. 7) in which the central part (inhibitory re-
gion) of yIF1 is involved in the dimerization interface. Residues E33
and H39 are located in the α-helical structured region of the peptide
whereas L54 is in the ﬂexible C-terminal part folded back along the cen-
tral region. Inter-label distance distributions calculated from this model
using MMM [14] are in good agreement with the experimental results
(Figure S5).
As the central region corresponds to the inhibitory one, these ﬁnd-
ings reveal that the dimeric state corresponds to a non-inhibitory (or in-
active) state in which the inhibitory regions are masked. The results of
our cross-linking experiments on E33C and L54C are in full agreement
with these ﬁndings. Indeed, the artiﬁcial dimerization of yIF1 in its C-
terminal extremity did not affect the inhibitory properties of the pep-
tide, whereas dimerization in the central part resulted in a non-
inhibitory peptide.
4.3. Effect of the pH
Three different pH values (5.0, 6.5, 8.0) were investigated for both cw
EPR and pulsed EPRDEER experiments. Small spectral variations for rt cw
EPR were observed for E33CMTSL and H39CMTSL as a function of pH indi-
cating that the protonation of amino acids in the vicinity of the labelmod-
iﬁes its environment. Contrarily, no pH-induced spectral variation has
been observed for L54CMTSL because of the high dynamics of this region
probably experiencing an ensemble of rapidly inter-converting confor-
mations. Interestingly, DEER experiments for H39CMTSL and L54CMTSL
displayed a distance distribution proﬁle at low pH with two maxima
that we attribute to two different conformations of the peptide. WhenFig. 7. Model of yIF1 dimer. This model was built using PyMOL and minimized using
PHENIX [27] (see Section 2.8). The central part (17–45) of the two chains are α-helical
while the N-terminal is disordered. The C-terminal region was manually disordered and
folded back along the central region to account for the inter-label distance distribution
r54–54 measured by DEER. Cyan: residues E33; blue, residues H39; red, residues L54.increasing the pH, these two conformations evolve into a single one cor-
responding to the lowest measured distance. Again, the pH-dependence
of distance distributions indicates that some protonable amino acids in
the vicinity of the labels lead to a conformational change. Glu21 has
been described as being required for pH-sensitivity in yIF1 and could be
responsible for such conformational change [28]. The existence of a con-
formational change in the pH range from4.5 to 7.4 has already beendem-
onstrated in yIF1 using the 1H NMR signal of His39 as pH-sensor [51].
5. Conclusion
Thanks to the association of different strategies combining paramag-
netic labels and EPR spectroscopy, this work brings the ﬁrst structural
characterization, at the residue level, of the dimeric form of yIF1 in solu-
tion. Our study demonstrated that the dimerization interface involves
the central inhibitory region, as it is the case for bIF1 in its tetrameric in-
terface. This result reveals that the dimeric form of yIF1 corresponds to
the non-inhibitory (inactive) state. In this state, the central region of
yIF1 is highly structured, but one may wonder if it is still the case for
the free monomer. Bovine F1-ATPase has been recently crystallized in
complex with three monomers of bIF1 truncated in its C-terminal part
and bearing a mutation increasing its afﬁnity for catalytic sites [52].
These three molecules are thought to mimic the different states experi-
enced by IF1 during the different steps of inhibition, from loose binding
to locking. In this structure, the central part of the peptide bound to the
most open catalytic interface was poorly resolved, whereas it appeared
well-folded at the other interfaces. This suggests that the central part of
freemonomeric bIF1 (and probably also yIF1) is ﬂexible. It has also been
shown that only the peptide bound to themost closed catalytic interface
has its N-terminal extremity folded. This supports the early proposal
that folding of IF1 N-terminal extremity along the central shaft of F1-
ATPase only occurs in the last step of inhibition: the locking step [13].
The fact that the dimeric form of yIF1 is non-inhibitory has impor-
tant biological consequences. Since the concentration of yIF1 in the mi-
tochondrial matrix is very high (probably several tens or hundreds μM),
the ATPase inhibition can take place only if the KI of yIF1-ATP synthase
complex is much lower than the dissociation constant of the dimer. This
is obviously the case in the absence of protonmotive force, where this KI
is comprised between a fraction of nM and some tens of nM, depending
on pH. In the presence of a proton motive force, the KI of yIF1-ATP syn-
thase complex dramatically increases and the competition now favors
yIF1 dimerization. This process could help to draw yIF1 from ATP syn-
thase in energized conditions. Since yIF1 dimerization is pH dependent,
the role of pH variation of the protonmotive force (ΔpH) in this regula-
tion process should be addressed. ΔpH value is low in mitochondria:
maximal value of 0.7 has been reported in isolated yeast mitochondria
in the presence of respiratory substrates [53]. In these experiments,
the external pH was 6.7, leading to a matricial pH of 7.4 in energized
96 N. Le Breton et al. / Biochimica et Biophysica Acta 1857 (2016) 89–97conditions. In intact cells of S. cerevisiae growing on glucose (i.e. in a fer-
mentative medium), ΔpH has been estimated to a lower value of 0.3
(matricial pH (7.5)–cytosolic pH (7.2)) due to the limited respiratory
activity [54]. In respiratory conditions, ΔpH value is expected to be
higher than 0.3 and might reach a value similar to that observed in iso-
lated mitochondria. Since a high pH favors yIF1 dimer dissociation, an
increase of matricial pH due to proton motive force generation could
favor binding of monomeric yIF1 to ATP synthase through the competi-
tion process described above and could limit the release of inhibitor in-
duced by the protonmotive force. However, this does not seem to occur,
as it has been reported that nigericin, which speciﬁcally collapses ΔpH
of the proton motive force, has no effect on the rate and extent of yIF1
release in mitochondria [55]. To conclude, pH variations in yeast mito-
chondrialmatrix have no detectable effect on yIF1 inhibitory properties,
probably because they are limited.
Another consequence of dimerization through the central part and
not through the C-terminal part is that yIF1 dimerization, as previously
proposed, has no inﬂuence on the formation of yeast ATP synthase di-
mers [56]. This might be different from the mammal case in which
this question is still debated [57,58].Acknowledgements
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